Abstract: Root system morphology was characterized in the seedlings of heavy-metal sensitive Arabidopsis thaliana, the non-metallicolous (NM) and metallicolous (M) populations of the tolerant A. arenosa and A. halleri, developed on the natural soils: the Zn-Pb-Cd-Cu-contaminated (C soils), the non-contaminated (NC soils), and on an identical nutrient-rich compost. Anatomy of primary roots grown on agar medium with control and elevated zinc concentrations was investigated also in the model A. thaliana ecotype Columbia. The three Arabidopsis species differed in morphological and/or quantitative responses to the varying soil qualities. Comparing to natural NC soil, the morphology of A. thaliana root system differed only on the compost with dominating lateral root lengths while the root lengths were reduced on the C soil. In NM and M populations of A. arenosa the lateral root elongation and density were reduced on the C soil and root growth but not lateral root density were stimulated on the compost. In NM and M populations of A. halleri the root system morphology remained unaltered in all three soils. The root elongation was reduced but lateral root initiation increased on the C soil while the roots were longer and lateral root density lower on the compost. The responses of A. arenosa or A. halleri populations differed only in absolute root lengths. The similarity in morphological responses to varying soil metal contents indicated plastic responses rather than heritable traits of the root systems. The root tissue organization three Arabidopsis species resembled the known A. thaliana ecotype Columbia. Quantitatively, the tolerant species and their M populations had thicker roots due to a greater number and size of cells in epidermis, cortex including a higher number of middle cortex cells, and endodermis. The rates of root growth and quantitative root anatomy may represent morphological traits contributing to heavy metal tolerance of the Arabidopsis species.
Introduction
Morphology and structure of roots and root systems are crucial parts of plant adaptation to soil heterogeneity determining the rhizosphere size, configuration, and plant access to soil-borne elements. The root system architecture (RSA) is the result of morphogenetic processes such as growth (related to cell number, size, and the tissue organization) and branching (Fitter 1996) . These morphogenetic processes depend on both internal signals and environmental conditions in which the roots develop (Malamy 2005; Jovanovic et al. 2007 ) and, to which they respond through hormone homeostasis and signalling pathways (Malamy 2005; Nibau et al. 2008; Lucas et al. 2011) .
In Arabidopsis thaliana the root system consists of primary root established during embryogenesis and post-embryonic lateral roots. The postembryonic development of lateral roots allows the plant to incorporate information from the environment and to respond by controlling the number and placement of lateral roots that determine the size and overall architecture of the root system (Loudet et al. 2005) . The alterations of A. thaliana root system morphology can be induced by varying availability of water and mineral nutrients particularly phosphate or nitrate (Williamson et al. 2001; Linkohr et al. 2002; López-Bucio et al. 2003; Nibau et al. 2008) . In addition, the physical properties of the root substrate play a role as indicated by different responses of RSA in soil, sand, or agar media (Linkohr et al. 2002) .
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The effects of heavy metals in soil or other substrates on root system morphology were investigated in other than Arabidopsis species. Root morphological parameters like length, diameter, surface area as well as the degree of branching were reduced in response to high concentration of copper (Cannabis sativa, Bona et al. 2007) , lead (cereals, Obroucheva et al. 1998) or cadmium (Miscanthus sinensis, Arduini et al. 2004 ). The effects of heavy metals on root system morphology may be different in hyperaccumulators compared to nonhyperaccumulator species. Hyperaccumulators such as Thlaspi caerulescens or T. goesingense may have shallow root systems (Keller et al. 2003; Himmelbauer et al. 2005) , and develop diverse types of morphology and architecture according to the presence of Zn and possibly Cd in the soil (Schwartz et al. 1999; Haines 2002) . Variability of root system morphology exists not only between hyperaccumulator species but also between ecotypes and populations (Haines 2002; Loudet et al. 2005; Alford et al. 2010) .
The effects of heavy metals on seedlings of Arabidopsis thaliana grown on agar were concentrationdependent. Primary root elongation was reduced while the lateral root density increased in roots exposed to a range of lower Cu concentrations. Only the higher, toxic Cu concentrations reduced both root system morphogenetic processes (Lequeux et al. 2010) . The relative species A. halleri and A. arenosa have been characterized mostly from cytogenetic and evolutionary aspects but recent studies underline focus also on mechanisms of their adaptation to environmental conditions (Clauss & Koch 2006; Bomblies & Weigel 2010) . The hyperaccumulator A. halleri represents a model plant for the studies of heavy metal tolerance, uptake, and accumulation (Roosens et al. 2008) . Studies of the above-ground organs in A. arenosa (Przedpe lska & Wierzbicka 2007) and A. halleri (Fia lkiewicz & Rostański 2006; Franiel & Fia lkiewicz 2007) have shown differences in morphological traits between the natural NM and M populations. The root system responses of A. arenosa and Rumex acetosella populations to the soils differing in heavy metal composition were shown recently (Banásová et al. 2012) .
It has been confirmed many times that the radial pattern of Arabidopsis thaliana primary root is relatively simple with single layers of epidermis, cortex, endodermis, and pericycle surrounding a small number of vascular cells (Dolan et al. 1993; Scheres et al. 2002) . In the epidermal tissue layer, the root hair forming cells (trichoblasts) occupy a specific position overlying the anticlinal walls between adjacent cortical cells. The relationship between the position of trichoblasts and underlying cortical cells seems to be characteristic of Brassicaceae family, and conserved in Arabidopsis (Dolan et al. 1993) . Within the cortex, eight files of cortical, and eight files of endodermal cells remain fairly constant. As the root meristem in A. thaliana ages, periclinal divisions of the endodermal-layer cells give rise to a third layer of ground meristem, termed middle cortex. The first endodermal cells to divide were always adjacent to the protoxylem elements before spreading to neighboring endodermal files (Baum et al. 2002) . Gibberellin and the transcription factors SCARECROW and SHORT-ROOT play a role in regulation of the middle cortex layer formation (Paquette & Benfey 2005) . The outermost layer of the central cylinder or stele is the pericycle, which is traditionally regarded as one extra concentric layer (Dolan et al. 1993) .
Studies of the relationships between heavy metaltolerance or metal-toxicity and root anatomy have shown particularly development of specific tissues and cellular structures serving as barriers for water and ion transport in Silene dioica (Martinka & Lux 2004) , Thlaspi caerulescens (Zelko et al. 2008) or Merwilla plumbea (Lux et al. 2011b) . Structural responses in the roots were reviewed for Zn and Cd (Broadley et al. 2007; Lux et al. 2011a) . It seems that the species relative to A. thaliana have not been examined in this respect yet.
As follows from our recent knowledge on root systems, root anatomy, and their responses to heavy metal toxicity, there are very few reports focused on these topics, mainly those studied outside hydroponic or agar media, in Arabidopsis species, particularly other than A. thaliana, or in their populations. Further work focusing on root morphology (Alford et al. 2010 ) and full biological diversity of non-model species (Clauss & Koch 2006) is needed. This work extends our knowledge on root morphological traits of three Arabidopsis species differing in heavy metal tolerance, and of their nonmetallicolous (NM) and metallicolous (M) populations originating from natural sites in Slovakia. We compared the populations with respect to both (1) morphology of the seedling root systems developed on their original non-metalliferous (non-contaminated, NC) or metalliferous (contaminated, C) soils, on the reciprocal soils, and on an identical nutrition-rich commercial compost, to find out the flexibility of root system morphology, and (2) anatomical traits of primary roots cultivated on agar media responding to varying zinc concentrations. The goal of our work was to find out possible relationships between the root morphological characteristics and heavy metal tolerance of the Arabidopsis species and populations.
Material and methods

Localities and populations
The population of Arabidopsis thaliana was found in an abandoned field Ratkovo with non-contaminated (NC) soil. In Arabidopsis arenosa subsp. borbasii, the nonmetallicolous (NM) population from the meadow Richtárová-lúka (NC soil), and the metallicolous (M) population from the polluted area near the smelter Terézia (C soil) were investigated. In Arabidopsis halleri subsp. tatrica the nonmetallicolous (NM) population Úhorná (NC soil), and the metallicolous (M) from the locality Krompachy (C soil) were used. Vegetation and soil characteristics of these localities as well as metal accumulation in plant roots and leaves of A. thaliana, A. arenosa and A. halleri populations were described in detail by Staňová et al. (2010) . To briefly characterize the soil heavy metal status the phytoavailability of 
) and agar (10 g L −1 ), and the final pH was adjusted to 5.8. The seeds were sown on the medium containing 10 µM (control) or 1000 µM ZnSO4. After exposition to low temperature (4 • C) for 24 h (minim. time) to synchronize germination, Petri dishes were placed into a growth chamber, positioned vertically and kept under controlled environmental conditions at 25
• C, 180 µmol m −2 s −1 and a 16/18 h day/night regime.
In five-day-old seedlings the apical 5 mm long root segments were fixed with 2% paraformaldehyde, 2.5% glutaraldehyde and 0.1 M sodium phosphate buffer at pH 7.2 for 1.5 h, post-fixed with 1% OsO4 in the same buffer for 20 h at 4
• C, dehydrated in ethanol series and propylene oxide, and embedded in Spurr epoxy resin. Semithin transverse sections were stained with Toluidine blue. The sections were investigated starting at about 250 µm distance from root tip (DFT) up to the site of the first root hair/bulge appearance at 600 to 1300 µm DFT, depending on the sample. The numbers of cells in epidermal, cortical and endodermal layers, as well as cross-section area of the cells and tissues in the sections taken at the site of the first bulge appearance were evaluated using Olympus BX51 and Imaging Software Olympus CellF.
Statistical analyses
The significance of differences in the lengths of individual root types, the total root lengths, between the different soils, and between the populations was determined using two way analysis of variance (Bonferroni post test, P < 0.05), by statistical software GraphPad PRISM5.
Results
Root system morphology
The species Arabidopsis thaliana is heavy-metal sensitive, growing on non-metalliferous (non-contaminated, NC) soils in the nature. Root system developed by the seedlings of NM population Ratkovo on the natural NC soil Ratkovo during 14 days after sowing consisted of primary root and 1st order laterals contributing to the total root length with 69.3% and 30.7%, respectively (Fig. 1A) . Interestingly, this population could grow also on the Zn-Pb-Cd-Cu contaminated soil from the site Terézia but only for a limited period of time. On this C soil the length of the roots was significantly reduced (Figs 1B, D) while the relatively low lateral root density did not change (Fig. 1E ). However, long-term cultivation of the seedlings on this soil was lethal: the seedlings were dead by the 30th day after sowing. In contrast, the root growth was stimulated on the nutrient-rich compost and, particularly the length of the 1st order laterals exceeded that of the primary root (Figs 1C, D) . Differences were found also between both non-metalliferous substrates, i.e. the natural NC soil and the nutrient-rich compost. On the former, the root elongation was weaker and the morphology of root system was characteristic with a dominating primary root (Figs 1A, D) while the length of lateral roots dominated on the nutrient-rich compost (Figs 1C, D) . In summary, the lateral root initiation did not change (Fig. 1E ) while the length of the roots was significantly influenced by the quality of the substrates in A. thaliana.
Root system of the seedlings of the tolerant species Arabidopsis arenosa differed from that in A. thaliana particularly in more pronounced development and growth of lateral roots (Fig. 2) . In both NM and M populations of A. arenosa, the proportion of lateral root lengths in the total root length within the root system exceeded that of the PR only on the natural NC soil or on the compost without heavy metal contamination ( Figs 2D, I ). The root systems of the seedlings growing on the natural, non-contaminated soils contained noticeably shorter primary roots in comparison with numerous and longer laterals (Figs 2A, E) . On the contrary, dominating length of primary root and its largest proportion in the total root length was characteristic of the root systems of both populations growing on Zn-PbCd-Cu contaminated soil Terézia (Figs 2B, G) however, on this soil particularly the lateral roots and the total root lengths were significantly shorter than those on NC soil Richtárová-lúka or, on the compost (Figs 2D, I ). In both populations also the lateral root density was lower on the C soil indicating a restriction of lateral root initiation ( Figs 2E, J) . Thus, the diversity of the responses of root system morphology to each of the three root environments was similar in both NM and M populations of A. arenosa. In both population not only the lengths but also the root system morphology were modified in response to elevated heavy metal concentration in the soil, with stronger growth reduction of laterals than of the primary root. Differences between the NM and M populations of A. arenosa were found in absolute root lengths on NC soils only. While the length of LR and total root length reached higher values in NM population on the natural NC soil, these values were higher in M population on compost.
The seedlings of the species Arabidopsis halleri, which is known as Zn and Cd hyperaccumulator were characteristic with root systems consisting of relatively shorter primary roots and dominating lengths of laterals, regardless of the population origin (NM or M), and of the soil metal contents (C, NC) (Fig. 3) . The length of lateral roots represented a greater proportion of the total length than that of primary roots in all three soils tested (Figs 3 D, I ). The effect of elevated heavy metal contents in the C soil was manifested in reduced length of individual root types and, consequently also in lower total root length (Figs 3B, D was even stimulated in the C soil Krompachy, which is rich particularly in copper. Taken together, in both populations of A. halleri the heavy-metal contaminated soil affected elongation growth of the roots but did not alter the type of the root system morphology. Differences between NM and M populations occurred in a more severe decrease in the lateral root and total root length of the NM population Úhorná that could indicate a slightly lower tolerance than in the M population Krompachy.
Primary root tissue organization and quantitative anatomy
In the studied species and their populations also the tissue organization and quantitative anatomy of primary roots were characterized in 5-day-old seedlings growing on agar medium. In general, the primary root tissue organization of all species and their populations were similar to that known in the model A. thaliana ecotype Columbia. This means that the diarch vascular bundle in the stele was surrounded by single-layered tissues: pericycle, endodermis, most frequently also cortex, and epidermis.
The epidermal layer of the primary roots of A.
thaliana, both natural population Ratkovo (Fig. 4B ) and ecotype Columbia (Fig. 4A ) was formed by 22 to 26 cells, including 8 hair cells (trichoblasts) and the cortex contained 8 large cells. In addition, one cortical cell file occurred at the xylem pole as a result of periclinal division of an endodermal cell giving rise to so called middle cortex cells (asterisks in Figs 4A, B) . The middle cortex cells were not present along the whole investigated root apical segment. For instance, they were absent at the distance from tip (DFT) of 500 µm, while they were present at 700 or 900 µm DFT in the same root. In the endodermal layer cross sections 8 to 10 cells were present.
In the primary root cross sections of A. arenosa seedlings of the NM (Fig. 4D) and M (Fig. 4E) populations the epidermal layer contained 30 to 36 cells including 8 trichoblasts typically located over the radial cell walls of the eight large cortical cells. Additional 1 Fig. 5 . Cross sections area of the cortical tissue (A) and of the whole primary root (B) at the site of the first root hair/bulge appearance, in the 5-day-old seedlings of three Arabidopsis species and their populations grown on agar with 10 µM ZnSO 4 (control, white columns) and 1000 µM ZnSO 4 (black columns).
to 5 middle cortex cells were present at the xylem poles. There were 8 to 12 endodermal cells in root cross sections. In both populations the number of cells within the root tissue layers varied in similar ranges.
In the cross sections of primary roots of the NM (Fig. 4G ) and M (Fig. 4H ) populations of A. halleri the epidermal layer consisted of 26 to 33 cells including trichoblasts in their typical position and numbers corresponding with the number of the large cortical cells. The cortical layer contained mostly 8 but in some cases up to 10 large cortical cells in the NM population and, mostly 10 to 12 large cortical cells in the roots of the M population. The higher number of these cells provided adequately more sites for the development of root hairs. In NM population, only two of the 6 roots analyzed, possessed middle cortex cells. In contrast, each of the five analyzed roots of the plants from the M population contained 3 to 7 middle cortex files. In case of fewer MC cells these were located primarily at the xylem poles. Along a single root segment analyzed, the number of middle cortex cells varied in the sections at different distances from root tip. There could be higher or lower number of MC cells in more distal root region, comparing to sections further from the tip. The endodermal layer contained 10 to 12 cells in both populations. In A. halleri the M population differed from the NM population in higher number of cortical and middle cortex cells.
Quantitative anatomy in control plants
Quantitative data on each species, population and treatment were obtained from the cross sections at the distances from root tip, where their first root hair/bulge appeared. In control conditions with 10 µM Zn 2+ concentration in the agar medium, the areas of stele and endodermis in A. thaliana root cross sections were significantly smaller than the areas in all tolerant A. arenosa and A. halleri plants. There were no statistical differences in the area of endodermis and stele between the populations of A. arenosa while in A. halleri the endodermis and stele areas of the roots in NM population were significantly smaller than those in the M population (data not shown).
The anatomical traits concerning area of the root cortex ( Fig. 5A ) and the whole root (Fig. 5B ) cross sections (root thickness) were comparable. In A. thaliana they were significantly smaller than the areas in the tolerant A. arenosa and A. halleri plants. Comparing the tolerant plants, some differences were recorded. While there were no differences in cortex or the whole root area between the NM and M populations of A. arenosa, in A. halleri both quantitative parameters were significantly smaller in the NM population. The roots of this population were thinner also in comparison to both populations of A. arenosa (Fig. 5) .
Responses of root anatomy to high zinc concentration
The root tissue pattern of the studied species or populations was not disturbed by the high 1000 µM Zn
2+
concentration in the agar medium. Differences between control and Zn-treated seedlings of both A. thaliana populations occurred only in the absence of middle cortex cells under 1000 µM Zn 2+ concentration (Fig. 4C) . The elevated concentration of Zn 2+ in the agar medium did not cause alteration of the tissue pattern but the incidence of middle cortex cells was usually higher in the cross sections of primary roots of A. arenosa (Fig. 4F) and A. halleri (Fig. 4I) populations. However, as this type of cells does not form continuous files, it is impossible to assess the frequency of MC cells statistically.
The area occupied by the tissues and, the whole root cross section area/root thickness were reduced in A. thaliana while they were unchanged or increased in the NM and M population of A. arenosa and in NM population of A. halleri (Fig. 5) . These changes were due to changes in the number and/or size of the cells within the individual tissues (data not shown). In A. thaliana the reduction was statistically significant only for cortex and whole root area of the ecotype Columbia but not of the natural population Ratkovo (Fig. 5B ). Significant increase in tissue area was recorded in the cortex and the whole root area of the M population of A. arenosa. Interestingly, the populations of Zn hyperaccumulator species A. halleri responded to high Zn concentration differently. In the seedlings of the NM population the area of tissues was larger and the root thickness increased significantly. On the contrary, the area of stele, endodermis, cortex, and, consequently the root thickness decreased significantly in the roots of the M population so that the root thickness was comparable to that of NM population (Fig. 5B ).
Discussion
Our experimental approach allowed us to characterize the overall morphology of the root systems developed in soils, in the seedlings of each species and population, and the elongation growth of the individual roots, as well as the total root length within the root system. In addition, we characterized the tissue organization and quantitative anatomy of Arabidopsis species and populations primary roots, the activity of which is the prerequisite for root growth. As the plant material grew from the seeds collected in the populations growing in their natural localities, the high variability of the parameters was expected. Considerable phenotypic variation was found also in root system architecture of A. thaliana accessions. Despite the importance of the environmental component in such variation, several QTLs were mapped and highlighted the genetic control of lateral root density (Loudet et al. 2005) . Our results may be important at least for a general morphological characterization of the root systems developed in natural root environments, in contrast to the known data obtained from artificial liquid or agar-solidified media. The root anatomy was estimated in the PR from agar media what was required for the micro-techniques used. Moreover, similar data on the "poorly known" relatives of A. thaliana like A. arenosa and A. halleri are still scanty (Clauss & Koch 2006; Alford et al. 2010) . We take into consideration that our data on root system morphology were recorded with 14 to 19-day-old seedlings and that metal toxicity can be altered developmentally during germination (Li et al. 2005 ) but the information may be of importance as the early seedling root growth and development can determine the optimum root system throughout the entire life of a plant (Nicola 1998).
Differences in heavy metal (Zn, Cu) tolerance between the three Arabidopsis species but also between the populations of the tolerant A. arenosa and A. halleri studied in this work were demonstrated using tests of leaf cell resistance and root growth-related tolerance index. In accord with literature data, our results confirmed metal sensitivity in A. thaliana (Arrivault et al. 2006) , metal tolerance in A. arenosa (Przedpe lska & Wierzbicka 2007) , A. halleri (Bert et al. 2000) and, a higher metal tolerance in metallicolous (M) than in non-metallicolous (NM) populations of both tolerant species (Kenderešová et al. 2012, in press ). Correspondingly, the total root length of A. thaliana seedlings was the shortest when compared to the tolerant Arabidopsis species and the populations growing on metal-contaminated soil (C soil). This is in accord with the sensitivity of root elongation growth reported for A. thaliana exposed to high heavy metal concentrations (Howden & Cobett 1992; Li et al. 2005) . A comparison of root growth of the tolerant species A. arenosa or A.
halleri with that of A. thaliana has not been reported before but a more severe reduction of root elongation in NM than in M populations was observed in A. arenosa (Przedpe lska & Wierzbicka 2007) and A. halleri (Meyer et al. 2010) .
Although our A. thaliana population was found to be heavy metal-sensitive, it may have some intrinsic mechanism(s) for both heavy metal detoxification and homeostasis (Howden & Cobett 1992 ) that could have allowed the seedlings to grow on the C soil with elevated concentrations of Zn, Pb, Cd and Cu from the locality Terézia, for a limited time period. The root growth was reduced significantly while the lateral root initiation as indicated by lateral root density remained unchanged not only on this C soil but also on both non-contaminated substrates. In the tolerant species A. arenosa and A. halleri the roots, particularly the laterals, growing on the soils with high heavy-metal contents were also significantly shorter in the seedlings of the NM populations. Although the heavy metal contents in the C soils reduced root growth in all three species and populations, differences occurred between the sensitive and the tolerant Arabidopsis species consisting in the lower total root length as well as unchanged lateral root density in A. thaliana seedlings growing on all three substrates tested. These results point to interspecific differences in root growth rate, and in heavy metal tolerance.
Plasticity of A. thaliana root system was proved also by growing this species on nutrient-rich compost where both root elongation growth and branching exceeded that in the NC soil from the natural locality. Interestingly, similar responses occurred also with the root systems of both tolerant species, with the exception of the NM population of A. arenosa, in which total root length was the same in both NC natural soil and compost. Even if the nutrient status of the natural NC soils from our localities has not been analyzed yet, we know that their contents of Zn, Pb, Cd and Cu did not exceed the values for normal soils (Staňová et al. 2010) and, that the water availability was not a limiting factor in our cultivations. Thus, the root system responses may indicate suboptimal nutrient contents in the original NC soils. It has been shown that the availability and distribution of nutrients like nitrogen (Zhang et al. 2007; Nibau et al. 2008 ) and phosphate (Williamson et al. 2001; López-Bucio et al. 2003; Chiou et al. 2011 ) may differentially affect (stimulate or restrict) elongation of A. thaliana primary roots as well as the initiation and elongation of the laterals. Nevertheless, under natural conditions the plant roots are rarely exposed to stress from a single toxic element in the soil. Thus the combination of nutrient amounts together with other qualitative properties of our natural NC soils may have lead to lower growth rates of both PR and laterals comparing to the nutrient-rich compost, in the studied Arabidopsis species.
Comparing the root systems of the NM populations on their natural NC soils with those of the M populations on their natural C soils, there were differences in both A. arenosa and A. halleri species confirming high morphological variability in each investigated microhabitat (Franiel & Fia lkiewicz 2007) . The responses of root systems to the reciprocal, either NC or C soils, or to nutrient-rich compost documented a distinct plasticity in their morphology. However, comparing the NM and M populations of A. arenosa or A. halleri on the same soils, their root systems responded to each soil quality in a similar way. These results differ from the findings with populations of A. arenosa (Przedpe lska & Wierzbicka 2007) as well as with A. halleri (Fia lkiewicz & Rostański 2006) . The authors showed that the differences in morphological traits (mostly of the aboveground vegetative and generative plant parts) between NM and M populations were maintained when grown on an identical substrate under identical conditions. Also unchanged, longer roots characteristic of the wasteheap population than those from the reference NM population, despite unrestricted access to water, pointed to genetic adaptations of the A. arenosa waste-heap population to a complex of adverse environmental conditions (Przedpe lska & Wierzbicka 2007) . Thus the root system morphology as a criterion for adaptations of our A. arenosa and A. halleri populations seemed to confirm plastic responses rather than the heritable traits. These discrepancies may also result from a high morphological variability of the populations in the territories with high heavy metal pollution (Fia lkiewicz & Rostański 2006; Franiel & Fia lkiewicz 2007; Banásová et al. 2012) .
In contrast to root system morphology, some differences between the A. arenosa populations occurred in the absolute lengths of their roots. On the natural NC soil the length of lateral roots as well as the total root length were significantly greater in the NM population Richtárová-lúka, which originates from this locality and might be better adapted to the particular soil quality than the M population Terézia (Figs 2A, D, and F, I) . On the contrary, in the seedlings of both populations growing on the Zn, Pb, Cd, Cu contaminated soil, the elongation growth of all roots and the LR density were significantly reduced to a similar degree in both populations. Significant differences in root lengths in both tolerant species were found also on the nutrient-rich compost where the seedlings of M populations had longer roots than those of the NM populations. More detailed soil analyses would help to explain the differences between the root system responses to the NC soil from natural locality and the compost. Interestingly, we could not find such differences in the root lengths in the populations of A. halleri. The morphology of a rather shallow root system with dominating lateral roots seemed to be a heritable trait typical for hyperaccumulators (Schwartz et al. 1999; Haines 2002; Loudet et al. 2005 ; reviewed in Alford et al. 2010) .
The primary roots of the studied A. thaliana natural population Ratkovo, NM and M populations of A. arenosa and A. halleri were characterized also with respect to their anatomy as to our best knowledge such data on root cross sections of the latter two species have not been recorded yet. Primary root anatomy in the A. thaliana population Ratkovo corresponded to that described for the model ecotype Columbia (Dolan et al. 1993; Scheres et al. 2002) . In principle, there also were great similarities in tissue organization of the primary roots of A. arenosa and A. halleri populations.
In our A. thaliana population, one middle cortex (MC) cell was present in the root cross sections of 5-day-old seedlings while the MC cells were first observed in sand-grown A. thaliana (WS ecotype) or in agargrown (Col-2 ecotype) plants older than 1 weak. The authors showed that this type of cells resulted from a periclinal division of endodermal-layer cells and were primarily located at the xylem poles (Baum et al. 2002) . In our tolerant species the location of MC cells was the same and their number in root cross sections was higher than in A. thaliana roots. However, their number varied along the root apical segments, in the cross sections taken at various distances from the root tip. This is in accord with the results by Paquette & Benfey (2005) documenting the origin of middle cortex by asynchronous periclinal divisions of individual endodermallayer cells in A. thaliana roots. The data on the position of MC cells related to xylem poles, their discontinuous presence along a root apex and their varying number, which does not form a complete ring in the root cross sections, seem to be insufficient to determine the function of the additional cortical cells so far. Paquette & Benfey (2005) suggested that the mechanisms regulating middle cortex formation in Arabidopsis may play a role in these species to generate their initial radial pattern or to add more cortex layers at other stages of development. The higher number of MC files in our tolerant Arabidopsis species, in some cases even increased at higher Zn concentration in the agar medium, may conform the assumption that regulating the timing of the process of MC files formation may allow the plant to adapt to changes in its environment (Paquette & Benfey 2005) .
The middle cortex cells were different from additional peri-endodermal layer observed in heavy metaltolerant species Thlaspi caerulescens (Zelko et al. 2008) or, from the hypodermal periderm occurring close to the root apex after Cd treatment in Merwilla plumbea (Lux et al. 2011b ). These types of cells are characteristic with thickened cell walls, occasionally impregnated by lignin and suberin, and were suggested to have protection roles either in restricting heavy metal ions uptake or their sequestration as reviewed by Broadly et al. (2007) and Lux et al. (2011a) . The MC cells in our plant species and populations did not form a compact cylinder encircling the endodermis. Their walls investigated with transmission electron microscope (data not shown) were thin and did not possess Caspary bands or any other thickenings. This also agrees with the statements that new middle cortex cells lose endodermal character and rapidly take on cortex character (Paquette & Benfey 2005) .
Some differences that could line up with heavy metal tolerance concerned quantitative anatomical data of the primary roots assessed at the site of the first root hair/bulge appearance, and compared among the studied Arabidopsis species and populations. The area occupied by the tissues in PR cross sections was significantly smaller in the sensitive A. thaliana than the tissue areas in tolerant species under both control and elevated Zn 2+ concentrations. This corresponded to the number and size of the cells within the root epidermis, cortex, and endodermis. On the contrary, the tissue area and root thickness were larger in the tolerant species and, they increased under high Zn concentration. The anatomical modifications in response to environmental stress resulting in either reduced or increased root thickness depend on plant species and genotype (Kasim 2006; Lux et al. 2011a ). In our plant material we observed higher values of the quantitative anatomical traits particularly in cortex and the additional middle cortex files in the tolerant Arabidopsis species than in the sensitive A. thaliana seedlings. The enlargement of particularly cortical tissues could have a functional role by increasing resistance to radial flows of water and solutes, and supplying water and ions to the plant (Lux et al. , 2011a . Although there were no specific structural modifications completed in the cortical cells of our young seedlings, the quantitative anatomical traits may contribute to their capability to tolerate heavy metal toxicity and accompanying stress factors such as water and nutrients occurring in the natural heavy metal contaminated soils. Further investigation of more differentiated stages of root tissues in Arabidopsis species and populations would be necessary to answer the question of some more structural traits that would contribute to their heavy metal tolerance.
In conclusion, our results extend the data characterizing the root systems and root anatomy of the less known Arabidopsis species relative to A. thaliana. The root system morphology of A. thaliana, A. arenosa, and A. halleri compared on their original soils, on reciprocal soils with diverse heavy metal contents, and on the identical nutrient-rich compost has shown interspecific differences. The metal-sensitive A. thaliana with the suppressed lateral root lengths and density, and the shortest total root length differed from the tolerant A. arenosa and A. halleri with more dense and compact root systems. This characteristic was retained in both NM and M populations of A. halleri in the three different soils while in A. arenosa the responses differed depending on the heavy metal contents in the soil. The root systems of the NM and M population either in A. arenosa or in A. halleri developed on the same soils attained a similar morphology indicating morphological plasticity rather than a heritable trait of the root system. The observed morphological characteristics of the root systems may be associated with the heavy metal tolerance of A. arenosa and A. halleri.
Primary root anatomy in the A. thaliana population Ratkovo corresponded to that described for the model ecotype Columbia and, in principle there also were similarities with tissue organization of the primary roots of A. arenosa and A. halleri populations. Quantitative differences concerning larger area of cells and tissues occupying the root cross sections as well as a higher number of additional middle cortex files in the tolerant species and their populations, than in the sensitive A. thaliana might be an advantage in increasing barriers to water and toxic ion movement, for the tolerant species and their M populations. This may contribute to a better surviving adverse soil conditions in their natural habitats.
